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INTHOOUCI LON 

Sys temat ic  i n v e s t i g a t i o n  o f  fundamental and a p p l i e d  combustion phenomena 
has been a c t i v e l y  pursued f o r  a number o f  decades. These e f f o r t s  have u s u a l l y  
been mot i va ted  by t e c h n o l o g i c a l  need i n  such d i v e r s e  areas as ground and a i r  
t r a n s p o r t a t i o n ,  e l e c t r i c a l  power p roduc t i on ,  and f i r e  p r e v e n t i o n .  N a t u r a l l y  
a l l  such work has been done I n  t h e  g r a v i t a t i o n a l  env i ronment  o f  t h e  Ear th ,  and 
an accoun t ing  o f  g r a v i t a t i o n a l  i n f l u e n c e ,  w h i l e  sometimes n e g l i g i b l e ,  has usu- 
a l l y  been r e q u i r e d .  The growth o f  manned presence i n  t h e  l o w - g r a v i t y  env i ron -  
ment o f  E a r t h  o r b i t  has p rov ided  a new t e c h n o l o g i c a l  need f o r  d i r e c t e d  
cornbustion research  r e l a t e d  t o  spacec ra f t  f i r e  s a f e t y  and a t  t h e  same t i m e  has 
p rov ided  t h e  means t o  pursue fundamental and a p p l i e d  combustion research  i n  a 
l o w - g r a v i t y  env i ronment .  

The e a r l i e s t  work i n  l o w - g r a v i t y  combustion i n  t h e  Un i ted  S ta tes  was 
r e l a t e d  t o  t h e  assessment o f  f i r e  hazards i n  spacec ra f t  ( r e f .  131). The f l am-  
m a b i l i t y  o f  c e r t a i n  t e s t  m a t e r i a l s  and t h e  e f f e c t i v e n e s s  o f  seve ra l  cand ida te  
f i r e - e x t i n g u i s h i n g  agents were eva lua ted  i n  a qu iescen t ,  l o w - g r a v i t y  env i ron -  
ment. Based on t h e  r e s u l t s  o f  these qu iescen t  chamber t e s t s ,  m a t e r i a l -  
sc reen ing  t e s t  s tandards were e s t a b l i s h e d  f o r  s p a c e c r a f t  m a t e r i a l  s e l e c t i o n  
( r e f .  4 ) .  Other  e a r l y  work i n  l o w - g r a v i t y  combustion was o f  more fundamental 
c h a r a c t e r ,  concerned more g e n e r a l l y  w i t h  u s i n g  t h e  l o w - g r a v i t y  env i ronment  t o  
s i m p l i f y  t h e  phys i cs  o f  n o r m a l - g r a v i t y  phenomena. Work o f  t h i s  s o r t  was pu r -  
sued i n  t h e  area  o f  premixed gases ( r e f s .  136 t o  139) ,  unpremixed gases 
( r e f s .  140 t o  143) ,  s o l i d - f u e l  f lame spreading ( r e f s .  144 t o  146) ,  d r o p l e t  
combustion ( r e f .  147) ,  d i spe rsed  f u e l s  ( r e f .  148 ) ,  l i q u i d  poo l  f i r e s  ( r e f .  
149) ,  and smolder ing  ( r e f .  150) .  

Advances i n  t h e  f l u i d  mechanics o f  combustion have l e d  us f i r m l y  t o  t h e  
conclusion that the equations describing energy, momentum, and mass balances, 
and chemical  r e a c t i o n  r a t e s  a r e  coupled.  Changes i n  t h e  body f o r c e ,  o r  g r a v i -  
t a t i o n a l  terms i n  t h e  equat ions  d e s c r i b i n g  f l u i d  mot ion ,  r e s u l t  i n  changes t o  
t h e  coupled terms i n  t h e  o t h e r  system equat ions ,  which, i n  t u r n ,  aga in  i n f l u -  
ence t h e  f l u i d  mot ion .  Were t h e  equat ions  uncoupled, body f o r c e  changes i n  
t h e  momentum balance would a f f e c t  o n l y  t h e  s o l u t i o n  f o r  f l u i d  mot ion ,  and t h e  
o t h e r  processes would be una f fec ted .  Thus w h i l e  l o w - g r a v i t y  combustion 
research  i s  a u s e f u l  t o o l  f o r  unders tand ing  n o r m a l - g r a v i t y  a p p l i c a t i o n s ,  c a r e  
must be taken t o  a v o i d  o v e r g e n e r a l i z i n g  t h e  i n t e r p r e t a t i o n s  o f  l o w - g r a v i t y  
exper imen ta l  r e s u l t s .  C a r e f u l  mode l ing  work i s  an i n d i s p e n s a b l e  c o r o l l a r y  
e f f o r t  t o  combustion exper imen ta t i on ,  i n  o rde r  t o  c o r r e c t l y  app ly  t h e  r e s u l t s  
f rom one g r a v i t a t i o n a l  env i ronment  t o  another .  

The a p p l i c a t i o n  t o  s p a c e c r a f t  f i r e  s a f e t y  o f  our  unders tand ing  o f  t h e  
p h y s i c a l  and chemical  processes t h a t  dominate combustion I n  low g r a v i t y  i s  
somewhat e a s i e r  t o  ach ieve .  Hazard a n a l y s i s ,  and f i r e  d e t e c t i o n  and I n t e r v e n -  
t i o n  s t r a t e g i e s  can be d e r i v e d  more d i r e c t l y  f rom l o w - g r a v i t y  r e s u l t s .  On t h e  
o t h e r  hand, as a p r a c t i c a l  m a t t e r  t h e  sc reen ing  o f  m a t e r i a l s  f o r  use i n  space- 
c r a f t  must be per formed I n  ground-based, n o r m a l - g r a v i t y  l a b o r a t o r i e s .  Funda- 
menta l  l o w - g r a v i t y  combustion research  i s  thus  e s s e n t i a l  u n t i l  a knowledge o f  
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t h e  fundamental processes i n v o l v e d  i s  adequate t o  e s t a b l i s h  a we l l -unders tood  
r e l a t i o n s h i p  between l o w - g r a v i t y  exper iments and ground-based m a t e r i a l  
sc reen ing  t e s t s .  

What f o l l o w s  i s  a b r i e f  summary o f  some o f  t h e  impor tan t  p h y s i c a l  p roc -  
esses i n v o l v e d  i n  l o w - g r a v i t y  combustion. Whi le  d i s c u s s i o n  i s  g e n e r a l l y  
l i m i t e d  t o  t h e  processes i n v o l v e d  i n  t h e  combustion o f  con t inuous ,  s o l i d ,  non- 
m e t a l l i c  f u e l s ,  much o f  t h e  reason ing  presented  can be a p p l i e d  t o  o t h e r  f u e l  
t ypes  and c o n f i g u r a t i o n s .  To t h e  e x t e n t  t h a t  t h e  c o n t r i b u t i n g  mechanisms a r e  
known and understood i n  va r ious  f i r e  scenar ios ,  s t r a t e g i e s  can be developed t o  
r e t a r d  o r  p reven t  t h e i r  p rog ress .  A s  l o w - g r a v i t y  f i r e  scenar ios  may r e q u i r e  
t h e  c o n s i d e r a t i o n  o f  some mechanisms no rma l l y  cons idered as hav ing  secondary 
impor tance,  some of these mechanisms may i n  t h i s  c o n t e x t  be i n v e s t i g a t e d  i n  
some d e t a i l  f o r  t h e  f i r s t  t i m e .  The va lue  o f  such knowledge i s  accentua ted  i n  
s p a c e c r a f t  f i r e  p l a n n i n g  because o f  t h e  h i g h  c o s t  o f  f i r e  s a f e t y  p r o v i s i o n s  
and t h e  even h i g h e r  c o s t  o f  f a l l u r e .  

COMBUSl I O N  MECHANISMS 

The i g n i t i o n  and p ropaga t ion  o f  a f l r e  i s  an i n t e r p l a y  o f  r a t e  processes 
i n c l u d i n g  t h e  g e n e r a t i o n  o f  f u e l  vapor, one o r  more f u e l - a i r  m i x i n g  
mechanisms, heat  r e l e a s e  f rom t h e  chemical r e a c t i o n ,  and t h e  a l l o c a t i o n  o f  
t h a t  hea t  t o  f u e l  genera t i on ,  m ix ing ,  and d i s s i p a t i o n .  

Fuel  Generat' lon 

Fuel  g e n e r a t i o n  r e f e r s  t o  t h e  d e l i v e r y  o f  f u e l  t o  t h e  v i c i n i t y  o f  the 
f lame zone, which i s  most o f t e n  l o c a t e d  i n  t h e  gas phase. I n  t h e  b u r n i n g  o f  
s o l j d  o r  l i q u i d  f u e l s ,  t h e  g e n e r a t i o n  o f  f u e l  i s  g e n e r a l l y  some combina t ion  o f  
chemical  decomposi t ion,  o r  p y r o l y s i s ,  and a phase change, such as evapora t i on ,  
s u b l i m a t i o n ,  o r  m e l t i n g  and evapora t i on .  The phase change i n v o l v e s  s u b s t a n t i a l  
expansion o f  t h e  f u e l  and thereby  i n f l u e n c e s  t h e  gas-phase f l o w  f i e l d .  Con- 
t r i b u t i o n s  t o  t h e  f l o w  f i e l d  f r o m  f u e l  g e n e r a t i o n  can be q u a s i - s t e a d y  o r  p re -  
c i p i t o u s  and c h a o t i c ,  and they  a r e  g e n e r a l l y  d i f f i c u l t  t o  ana lyze .  

Fuel  g e n e r a t i o n  a l s o  i n v o l v e s  an energy exchange between t h e  phases. 
L a t e n t  heats  assoc ia ted  w i t h  phase changes and p y r o l y s i s  r e a c t i o n s  a c t  as n e t  
heat  s i n k s  w i t h  r e s p e c t  t o  t h e  p ropaga t ing  f lame.  The feedback mechanisms o f  
heat  t o  t h e  f u e l  s u r f a c e  g e n e r a l l y  i n c l u d e  conduct ion ,  convec t i on ,  and r a d i a -  
t i o n ,  and they  a r e  compl ica ted  by t h e  presence o f  soo t  i n  t h e  gas phase and 
f u e l  c h a r r i n g  on t h e  su r face .  For purposes o f  f i r e  ex t ingu ishment ,  t he  
feedback l oop  o f  f u e l  g e n e r a t i o n  and heat  t r a n s f e r  t o  t h e  s u r f a c e  may be t h e  
m o s t  i m p o r t a n t  focus  o f  i n t e r v e n t i o n  s t r a t e g i e s .  

M i  x i  ng 

The f u e l - a i r  m i x i n g  mechanisms i n  t h e  p ropaga t ion  o f  f lames a r e  i n  each 
case a combina t ion  of b u l k  f l u i d  mo t ion  a c t i n g  i n  t h e  presence o f  t h e  d i f f u s i o n  
o f  f u e l  vapors, oxygen, i n e r t  gases, and combustion p roduc ts .  Bu lk  f l u i d  
mo t ion  can be induced by seve ra l  mechanisms, i n c l u d i n g  buoyancy-dr iven  ( d e n s i t y  
g r a d i e n t )  f l ows ,  e x t e r n a l l y  imposed, f o r c e d  (p ressu re  g r a d i e n t )  f l o w s ,  and t h e  
f l ows  assoc ia ted  w i t h  the  p y r o l y s i s / v a p o r i z a t i o n  o f  t h e  condensed-phase f u e l  
(mass a d d i t i o n ) .  The spread o f  t h e  f lame i n t o  reg ions  c o n t a i n i n g  f r e s h  f u e l  
and a i r  and t h e  f l ows  d r i v e n  by su r face  t e n s i o n  g r a d l e n t s  o f  mo l ten  f u e l  can 
a l s o  c o n t r i b u t e  t o  t h e  m i x i n g  process.  I n  o rde r  f o r  a f lame t o  e x i s t  and 
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propagate,  t h e  aggregate m i x i n g  mechanisms must be e f f e c t i v e  t o  m a i n t a i n  a 
zone o f  f lammable f u e l - a i r  m i x t u r e  near enough t o  t h e  e x i s t i n g  f lame t o  be 
c o n t i n u o u s l y  i g n i t e d .  

C o n c e n t r a t i o n - g r a d i e n t  d i f f u s i o n  o f  spec ies on a mo lecu la r  l e v e l  i s  t h e  
I most fundamental o f  t h e  f u e l - a i r  m i x i n g  processes, where in  f u e l  vapors f r o m  

t h e  v i c i n i t y  o f  t h e  f u e l  s u r f a c e  g r a d u a l l y  i n t e r m i n g l e  w i t h  t h e  oxygen supp ly  
away f rom t h e  su r face .  The process i s  r e l a t i v e l y  s low compared t o  t h e  heat  
r e l e a s e  r a t e s  r e q u i r e d  t o  s u s t a i n  t h e  f u e l  g e n e r a t i o n  process.  I n  t h e  absence 
o f  a d d i t i o n a l  m i x i n g  mechanisms, t h e  presence o f  i n e r t  gases and gas-phase 
combustion p roduc ts  r e t a r d  d i f f u s i v e  m i x i n g  o f  f u e l  and oxygen s t i l l  f u r t h e r ,  

I 
1 

1 
1 such t h a t  t h e  f u e l  vapors and oxygen must d i f f u s e  th rough a g e n e r a l l y  t h i c k -  
1 en ing  l a y e r  o f  c h e m i c a l l y  i n a c t i v e  species t o  s u s t a i n  adequate m i x i n g  r a t e s .  

I h u s  systems dependent s o l e l y  upon d i f f u s i o n  as t h e  m i x i n g  process would gen- 
e r a l l y  f a i l  t o  s u s t a i n  a f lame.  

I n  n o r m a l - g r a v i t y  f i r e s  l a r g e  d e n s i t y  g r a d i e n t s  a r e  c rea ted  by r a p i d  heat  
r e l e a s e  i n  t h e  f lames.  Under t h e  i n f l u e n c e  o f  g r a v i t y  these d e n s i t y  g r a d i e n t s  
cause s u b s t a n t i a l  n a t u r a l - c o n v e c t i o n  o r  buoyancy-dr iven f l ows ,  which o f t e n  
e n t i r e l y  overwhelm o t h e r  f u e l - a i r  m i x i n g  processes. The c o u p l i n g  o f  buoyancy 
t o  heat  r e l e a s e  r a t e s ,  o t h e r  m i x i n g  mechanisms, and chemical  r e a c t i o n  r a t e s  
makes these f l o w s  d i f f i c u l t  t o  ana lyze .  As  a r e s u l t ,  p rogress  i n  t h e  under- 
s tand ing  o f  n o r m a l - g r a v i t y  f i r e  spread ing  has been th rough  t h e  imp lementa t ion  
o f  f u l l - s c a l e  t e s t i n g  o f  a v a r i e t y  o f  c o n f i g u r a t i o n s .  Removal o f  t h e  g r a v i t a -  
t i o n a l  i n f l u e n c e  i n  t h e  s tudy  o f  f i r e s  t h a t  m igh t  occur  i n  a s p a c e c r a f t  
exchanges t h i s  one m i x i n g  mechanism, which i s  d i f f i c u l t  t o  ana lyze ,  f o r  o t h e r ,  
more s u b t l e  mechanisms, o n l y  one o f  which i s  mo lecu la r  d i f f u s i o n .  The i d e n t i -  
f i c a t i o n  and e v a l u a t i o n  o f  these s u b t l e t i e s  have d i r e c t  a p p l i c a t i o n  i n  t h e  
a n a l y s i s  o f  l o w - g r a v i t y  f i r e s .  

Ground-based, l o w - g r a v i t y  exper iments have shown how smal l  f l u i d  d i s t u r b -  
ances a f f e c t  t h e  pe rce i ved  f l a m m a b i l i t y  o f  a m a t e r i a l .  An e a r l y  approach t o  
qu iescen t  f lame-spread ing  t e s t s  i n  d rop  towers was t o  r e s e r v e  t h e  l i m i t e d  low- 
g r a v i t y  t i m e  ( l e s s  than 6 sec) f o r  f lame p ropaga t ion  and t o  i g n i t e  t h e  t e s t  
samples b e f o r e  t h e  drop  re lease .  F l u i d  mot ion  generated by buoyancy d u r i n g  a 
n o r m a l - g r a v i t y  i g n i t i o n ,  a l t h o u g h  i n  decay a f t e r  t h e  d r o p  r e l e a s e ,  o f t e n  p e r -  
s i s t s  th roughout  t h e  drop  t e s t  and cannot  be i gno red .  Samples i g n i t e d  a f t e r  
t h e  drop  r e l e a s e  i n  qu iescen t  f lame-spread ing  t e s t s  show reduced f lame-spread 
r a t e s  up t o  moderate l e v e l s  o f  oxygen con ten t  i n  t h e  a i r  when compared t o  t h e  
predrop i g n i t i o n  t e s t s .  Whi le  i n s t r u c t i v e  f rom a p rocedura l  p o i n t  o f  v iew,  
the  comparison o f  these two methods a l s o  i n d i c a t e s  t h e  impor tance o f  f l u i d  
mot ion,  wh ich  i s  l e s s  e n e r g e t i c  than buoyancy-induced mot ion,  t o  l o w - g r a v i t y  
f lame spread ing .  

The i n f l u e n c e  o f  f o r c e d  e x t e r n a l  f l o w s  on f lame-spread ing  r a t e s  has been 
s t u d i e d  e x t e n s i v e l y  i n  normal g r a v i t y .  I n  t h e  most genera l  terms, an 
e x t e r n a l l y  imposed f l o w ,  when a c t i n g  as a m i x i n g  enhancement mechanism o r  as 
an a i d  t o  heat  t r a n s f e r  t o  t h e  f u e l  su r face ,  i nc reases  f lame p ropaga t ion  r a t e s .  
A s  t h e  s t r e n g t h  o f  t h e  f o r c e d  f l o w  inc reases ,  however, i t  can serve  as a hea t  
s i n k  mechanism and r e t a r d  f lame spread ing .  S i m i l a r l y ,  t h e  f o r c e d - f l o w  i n f l u -  
ence vanishes as i t s  s t r e n g t h  approaches t h a t  o f  t h e  buoyancy-induced f l o w  
p resen t  i n  a l l  such t e s t s .  A l though a d i s c u s s i o n  o f  these obse rva t i ons  i s  
incomple te  w i t h o u t  i n c l u d i n g  t h e  c o n v e c t i v e  heat  t r a n s f e r  e f f e c t  o f  t h e  f l o w ,  
t h e  f u e l - a i r  m i x i n g  aspec t  o f  ve ry  low-speed (sub-buoyant )  f l o w s  i s  n o t  ' addressed a t  a l l  i n  these exper iments.  V e n t i l a t i o n  o f  s p a c e c r a f t  cab ins  f o r  
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l i f e - s u p p o r t  purposes p rov ides  such low-speed f l o w s ,  and i t s  p o t e n t i a l  impact  
on l o w - g r a v i t y  f l a m m a b i l i t y  I s  a s u b j e c t  o f  c u r r e n t  research  a c t i v i t y .  

The momentum assoc ia ted  w i t h  t h e  p y r o l y s i s / v a p o r i z a t i o n  o f  f u e l  a t  t h e  
su r face  must be i n c l u d e d  as a m i x i n g  process i n  t h e  a n a l y s i s  o f  f u e l s  b u r n i n g  
i n  qu iescen t  l o w - - g r a v i t y  env i ronments.  The s t r e n g t h  o f  t h i s  mechanism i s  a 
p r o p e r t y  o f  t h e  f u e l  m a t e r i a l  and i s  r e l a t e d  t o  t h e  l a t e n t  heat  r e q u i r e d  t o  
genera te  t h e  f u e l  vapor and t h e  behav io r  o f  t h e  f u e l  su r face  d u r i n g  t h e  f u e l  
g e n e r a t i o n  process.  Low-grav i ty  exper iments i n  f lame spreading have shown 
t h a t  t h i s  f l u i d  mo t ion  a c t i n g  t o g e t h e r  w i t h  d i f f u s i o n  can s u s t a i n  p ropaga t ing  
f lames I n  the  absence o f  o t h e r  m i x i n g  mechanisms. The qu iescen t  exper iments 
conducted t o  da te  have shown t h a t ,  f o r  t h e  s imp le  paper samples examined, 
s t a b l e  f lames can be sus ta ined  o n l y  a t  h i g h e r  oxygen concen t ra t i ons  than a r e  
r e q u i r e d  t o  burn  t h e  same m a t e r i a l  i n  normal g r a v i t y .  D e t a i l e d  model ing o f  
t h e  process has r e q u i r e d  t h e  i n c l u s i o n  o f  t h e  e f f e c t s  o f  a su r face  f u e l  " j e t "  
i n  o rde r  t o  p r e d i c t  a c c u r a t e l y  t h e  f lame shapes observed i n  t h e  exper iments.  

Other m a t e r i a l s ,  hav ing  e n t i r e l y  d i f f e r e n t  processes govern ing  t h e  r e l e a s e  
o f  gaseous f u e l  f rom t h e  condensed- fue l  su r face ,  may e x h i b i t  a s t r o n g e r  i n f l u -  
ence o f  t h e  f u e l  j e t  on t h e  f lame.  Some bu rn ing  p l a s t i c  m a t e r i a l s  m e l t ,  t hen  
b o i l ,  a t  t h e  su r face .  Experiments conducted a t  low g r a v i t y  on t h e  b u r n i n g  o f  
n y l o n  Ve lc ro  samples have shown p r e c i p i t o u s  re lease  o f  f u e l  vapor f rom bubbles 
o f  mo l ten  p l a s t i c  ( r e f .  1 4 6 ) .  This  mechanism o f  f u e l  r e l e a s e  and m i x i n g  ran-  
domly i n j e c t s  f u e l  vapors i n t o  t h e  f lame and renders n y l o n  samples, mounted 
w i t h o u t  a heat  s i n k  s u b s t r a t e ,  f lammable i n  moderate oxygen c o n c e n t r a t i o n s  a t  
low g r a v i t y .  The b u r s t i n g  o f  bubbles i n  mo l ten  f u e l s  has a l s o  been shown t o  
e j e c t  smal l  p a r t i c l e s  o f  b u r n i n g  m a t e r i a l  f rom t h e  su r face .  These p a r t i c l e s  
m igh t  a l s o  serve  as a d d i t i o n a l  i g n i t i o n  sources f o r  remote f u e l  l o c a t i o n s .  
Other p l a s t i c  samples such as s labs  o f  po ly rne thy lmethacry la te  ( P M M A )  fo rm a 
char  on t h e  mo l ten  f u e l  s u r f a c e  t h a t  a c t s  t o  i n h i b i t  t h e  v a p o r i z a t i o n  o f  f u e l .  
Thus t h e  s u r f a c e  behav io r  o f  b u r n i n g  m a t e r i a l s  may become a m a t e r i a l  c h a r a c t e r -  
i s t i c  t o  be cons idered i n  t h e  e v a l u a t i o n  o f  f i r e  hazards i n  a l o w - g r a v i t y  
env i ronment .  

Qu iescen t  exper iments per formed a t  low g r a v i t y  have a l s o  shown t h a t  non- 
f l a m i n g  combustion o r  smolder ing  may occur  a t  t h e  s u r f a c e  o f  exposed m a t e r i a l s  
i n  l o w  g r a v i t y .  Samples t h a t  have seemed t o  e x t i n g u i s h  d u r i n g  l o w - g r a v i t y  
t e s t s  have r e i g n i t e d  upon t h e  resumpt ion o f  t h e  g r a v i t a t i o n a l  i n f l u e n c e s  a t  
t h e  end o f  t h e  t e s t .  Thus t h e  d i s t i n c t i o n  between t h e  p ropaga t ion  o f  a f lame 
and e x t i n c t i o n  may n o t  be as c l e a r  i n  t h e  l o w - g r a v i t y  env i ronment  as i t  gener-  
a l l y  i s  i n  normal g r a v i t y .  

F i n a l l y ,  m i x i n g  o f  f u e l  vapor generated a t  t h e  s u r f a c e  w i t h  t h e  su r -  
round ing  a i r  can be accomplished by t h e  p ropaga t ion  o f  t h e  f lame a long  t h e  
f u e l  su r face .  For f u e l s  r e q u i r i n g  r e l a t i v e l y  smal l  amounts o f  energy f o r  f u e l  
genera t i on ,  t h e  f lame can race  ahead o f  t h e  accumula t ion  o f  combustion produc ts  
and i n t o  a c o n t i n u i n g  supp ly  o f  f r e s h  oxygen. 

The r e l a t l v e  impor tance o f  the va r ious  m i x i n g  mechanisms, i n c l u d i n g  rnolec- 
u l a r  d i f f u s i o n ,  t h e  presence o f  f o rced  f l o w ,  f u e l  i n j e c t i o n  f rom the  su r face ,  
and t h e  spread ing  of t h e  f lame i n t o  a f r e s h  a i r  supp ly ,  i s  determined by the  
p r o p e r t i e s  o f  t h e  f u e l  and t h e  env i ronment  i n  which i t  i s  bu rn ing .  These r e l -  
a t i v e  i n f l u e n c e s  a r e  n o t  w e l l  understood and a r e  wor thy  o f  a d d i t i o n a l  s tudy .  
S ince f u e l  p r o p e r t i e s  can de termine t h e  dominant m i x i n g  mechanism, t h e  
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I c l a s s i f i c a t i o n  o f  f lammable m a t e r i a l s  by m i x i n g - r e l a t e d  p r o p e r t i e s  may become 
l a u s e f u l  t o o l  i n  s p a c e c r a f t  f i r e  p r e v e n t i o n  and c o n t r o l .  

Heat Release 

The r a t e  o f  hea t  r e l e a s e  f r o m  p ropaga t ing  f lames i s  determined by t h e  
chemical  energy c o n t e n t  o f  t h e  f u e l ,  t h e  r a t i o  o f  vapor i zed  f u e l  t o  t h e  a v a i l -  
a b l e  oxygen a t  t h e  f lame,  and t h e  r a t i o  o f  t h e  t i m e  t h e  r e a c t a n t s  a r e  i n  t h e  
v i c i n i t y  o f  t h e  f l ame t o  t h e  t i m e  r e q u i r e d  f o r  t h e  r e a c t a n t s  t o  r e a c t .  
o n l y  a narrow range o f  f u e l - a i r  r a t i o s  w i l l  be f lammable, t h e  l o c a t i o n  where 
flammable m i x t u r e s  occur  and t h e  res idence  t i m e  o f  t h e  f lammable m i x t u r e  i n  
t h e  f lame zone depend l a r g e l y  upon t h e  f u e l - a i r  m i x i n g  process.  Thus t h e  
energy r e l e a s e  i n  a p r o p a g a t i n g  f lame i n  low g r a v i t y  i s  c o n t r o l l e d  l a r g e l y  by 
t h e  l o w - g r a v i t y  f l u i d  mechanics. 

S ince 

I 

Heat D i s t r i b u t i o n  

The l o c a t i o n  o f  t h e  f lame r e l a t i v e  t o  t h e  f u e l  and, t o  a l e s s e r  e x t e n t ,  
t h e  shape o f  t h e  f lame e s t a b l i s h  t h e  boundary c o n d i t i o n s  f o r  t h e  a c t i v e  mech- 
anisms o f  hea t  t r a n s f e r  f r o m  t h e  f lame.  I n  t h e  gas phase, conduc t ion  f r o m  t h e  
f lame normal t o  t h e  f u e l  s u r f a c e  and p a r a l l e l  t o  t h e  s u r f a c e  i n  t h e  d i r e c t i o n  
o f  f lame spread must be considered i n  t h e  a n a l y s i s  o f  t h e  f u e l - g e n e r a t i o n  
feedback system. The temperature g r a d i e n t s  t h a t  d r i v e  conducted heat  i n  t h e  
gas phase are,  i n  genera l ,  d i s t o r t e d  by convec t i on .  Conduct ion o f  heat  i n  t h e  
s o l i d  phase can a l s o  p l a y  a s i g n i f i c a n t  r o l e .  For f u e l s  appear ing i n  e n g i -  
n e e r i n g  c o n f i g u r a t i o n s ,  t h e r e  o f t e n  e x i s t s  a hea t  conduc t ion  p a t h  normal t o  
t h e  f u e l  s u r f a c e ,  which p r o v i d e s  a d i s s i p a t i o n  mechanism. Depending upon t h e  
f u e l  t h i c k n e s s ,  hea t  conduc t ion  through t h e  f u e l  i n  t h e  d i r e c t i o n  o f  f lame 
spread can a l s o  p a r t i c i p a t e  i n  t h e  f u e l - g e n e r a t i o n  feedback system. 

The p a r t i c i p a t i n g  mechanisms i n  t h e  f l o w  f i e l d  determine t h e  impor tance 
o f  c o n v e c t i v e  hea t  t r a n s f e r .  The r o l e  o f  convec t i on  i s  ambiguous, s i n c e  i t  
can p r o v i d e  b o t h  a mechanism t o  d i s t r i b u t e  a d d i t i o n a l  hea t  t o  t h e  f u e l  s u r f a c e  
and a mechanism t o  c a r r y  heat  away f rom t h e  system. When viewed as a d e p a r t u r e  
f r o m  d i f f u s i o n - c o n t r o l l e d  f l ame spreading, t h e  c o n v e c t i n g  f l o w  f i e l d ,  added t o  
a f lame sp read ing  i n  l ow  g r a v i t y ,  almost i n v a r i a b l y  w i l l  enhance t h e  f lamma- 
b i l i t y  o f  m a t e r i a l s .  Exper imenta l  comparisons o f  normal and l o w - g r a v i t y  hea t  
c o n v e c t i o n  i n  f l ame sp read ing  a r e  n o t  y e t  a v a i l a b l e .  A n a l y s i s  o f  c o n v e c t i o n  
i n  t h e  low-speed f l o w s  assoc ia ted  w i t h  l o w - g r a v i t y  f l ame sp read ing  i s  thus a 
p r e r e q u i s i t e  t o  an unders tand ing  o f  f i r e  scenar ios  and t h e  development o f  p re -  
v e n t i o n  and c o n t r o l  s t r a t e g i e s .  

The r o l e  o f  r a d i a t i v e  t r a n s p o r t  i n  l o w - g r a v i t y  f lame spreading i s  a l s o  
n o t  w e l l  understood. The o p t i c a l  dep th  o f  s m a l l - s c a l e  l a b o r a t o r y  f lames t h a t  
have been observed i n  l o w - g r a v i t y  exper iments i s  sma l l  enough t o  d i s r e g a r d  
c o n t r i b u t i o n s  o f  r a d i a t i v e  t r a n s p o r t  t o  t h e  f u e l  s u r f a c e .  On t h e  o t h e r  hand, 
t h e  r o l e  o f  r a d i a t i o n  may be prominent  i n  d i s s i p a t i v e  l osses  f r o m  t h e  f u e l  
su r face .  The behav io r  of  t h e  f u e l  m a t e r i a l  s u r f a c e  i n  t h e  combust ion e n v i r o n -  
ment, f o r  example, t h e  appearance o f  a s u r f a c e  char  l a y e r ,  w i l l  determine t h e  
i n f l u e n c e  o f  t h i s  mechanism. 

LOW-GRAVITY RESEARCH FACILITIES 

Ground-based, l o w - g r a v i t y  t e s t i n g  has been i n d i s p e n s i b l e  i n  t h e  s tudy  o f  
t h e  behav io r  o f  m i c r o g r a v i t y  combustion. I n  a d d i t i o n  t o  p r o v i d i n g  d a t a  on 
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l o w - g r a v i t y  behav io r ,  these f a c i l i t i e s  have p rov ided  v a l u a b l e  i n s i g h t  i n t o  t h e  
t r a n s i t o r y  behav io r  o f  systems. The response o f  a dynamic system t o  s t e p  
o r  gradua l  changes i n  body f o r c e s  can be used t o  e x p l o r e  t h e  t i m e ' s c a l e s  
of  t h e  v a r i o u s  p a r t i c i p a t i n g  mechanisms. I n  a d d i t i o n ,  r e v e l a t i o n s  such 
as t h e  demonst ra t ion  o f  t h e  i n f l u e n c e  o f  low-speed f l o w s  on m a t e r i a l  flamma- 
b i l i t y  have been o b t a i n e d .  

Two c l a s s e s  o f  ground-based, l o w - g r a v i t y  research  f a c i l i t i e s  a r e  a v a i l -  
a b l e :  d r o p  towers o r  tubes,  and s p e c i a l l y  equipped a i r c r a f t  t h a t  f l y  s h o r t -  
d u r a t i o n ,  f r e e - f a l l  t r a j e c t o r i e s .  The c h o i c e  o f  f a c i l i t y  f o r  a p a r t i c u l a r  
exper iment  depends upon t h e  e lapsed t i m e  and t h e  l e v e l  o f  reduced a c c e l e r a t i o n s  
r e q u i r e d  f o r  t h e  exper iment .  

Drop towers and d r o p  tubes a r e  t r u l y  ground-based f a c i l i t i e s  t h a t  s i m p l y  
p r o v i d e  an unobs t ruc ted  v e r t i c a l  space i n  which an exper imenta l  apparatus can 
f r e e - f a l l .  True f r e e - f a l l  i s  approached by e l i m i n a t i n g  aerodynamic d r a g  on 
t h e  f a l l i n g  exper iment  e i t h e r  by evacua t ing  t h e  drop  pathway o r  by su r round ing  
t h e  apparatus w i t h  a d r a g  s h i e l d ,  which p e r m i t s  t h e  apparatus t o  f r e e - f a l l  
w i t h i n  t h e  more s l o w l y  f a l l i n g  s h i e l d .  R e l a t i v e  a c c e l e r a t i o n s  w i t h i n  t h e  
f a l l i n g  exper iments a r e  t y p i c a l l y  l e s s  t h a t  t imes normal E a r t h  g r a v i t y  
(one g) ,  w h i l e  t e s t  t imes o f  no more than 6 sec a r e  a v a i l a b l e .  Exper iment 
c o n t a i n e r s  a r e  dece le ra ted  g r a d u a l l y  a t  t h e  end o f  t h e  t e s t  f o r  reuse.  Drop 
f a c i l i t i e s  u s l n g  t h e  drop  s h i e l d  techn ique can p r o v i d e  up t o  10 exper iments 
p e r  day. 

L o w - g r a v i t y  a i r c r a f t  p r o v i d e  s i g n i f i c a n t l y  l o n g e r  t e s t  t imes,  g e n e r a l l y  
up t o  about  30 sec. The low g r a v i t y  i s  ob ta ined  by e x e c u t i n g  a p a r a b o l i c  
t r a j e c t o r y  maneuver. The maneuver c o n s i s t s  o f  a d i v e  t o  g a i n  a i rspeed,  f o l -  
lowed by a p u l l u p  and a n u l l i n g  o f  aerodynamic and p r o p u l s i o n  f o r c e s  t o  ach ieve  
a f r e e - f a l l  over  a p a r a b o l i c  hump. F i n a l l y ,  t h e  a i r c r a f t  I s  p u l l e d  up i n t o  
l e v e l  f l i g h t .  The l o w - g r a v i t y  t e s t  t i m e  i s  b racketed  between p e r i o d s  o f  about  
2 g ' s  assoc ia ted  w i t h  t h e  p u l l u p s .  Exper iments a t tached  d i r e c t l y  t o  t h e  a i r -  
f rame exper ience min  mum a c c e l e r a t i o n s  t h a t  a r e  t y p i c a l l y  about  10-2 g, w h i l e  
s e l e c t e d  exper iments can be a l l o w e d  t o  f l o a t  w i t h i n  a l a r g e  a i r c r a f t  t o  o b t a i n  
somewhat reduced min  mum a c c e l e r a t i o n s .  Depending upon t h e  a i r c r a f t  and t h e  
t r a j e c t o r y  sequence, up t o  40 l o w - g r a v i t y  exper iments can be per formed d u r i n g  
a s i n g l e  f l i g h t .  

94 


